Based on ab-initio calculations, we demonstrate that the ferromagnetic CdO/EuO superlattice is a simple Weyl semimetal with two linear Weyl nodes in the Brillouin zone, and the corresponding CdO/EuO quantum well realizes the stichometric quantum anomalous Hall (QAH) state without random magnetic doping. In addition, a simple effective model is presented to describe the basic mechanism of spin polarized band inversion in this system. 73.63.Hs, 72.25.Dc The anomalous Hall effect was first discovered in ferromagnetic metals without external magnetic field [1] , which originates from the spin-orbit coupling (SOC) between the current and magnetic moments [2] . Recently, the quantum anomalous Hall (QAH) effect has been proposed in magnetic topological insulators [3] [4] [5] [6] [7] , in which the anomalous Hall conductance is quantized to νe 2 /h (ν is an integer) without the orbital magnetic field and the associated Landau levels [8] . In magnetic topological insulators [3] [4] [5] [6] [7] , the SOC and ferromagnetic (FM) ordering combine to give rise to the topologically nontrivial band structure. Recently, the QAH effect has been experimentally observed in Cr-doped (Bi,Sb) 2 Te 3 around 30 mK [9] . The chiral edge states in the QAH state conducts current without dissipation, and could be used for interconnects of semiconductor devices [10] . For potential device applications, it is important to find stichometric materials for the QAH effect, and to increase the working temperature by increasing the topologically non-trivial band gap as well as the Curie temperature (T c ) of magnetic moments.
The anomalous Hall effect was first discovered in ferromagnetic metals without external magnetic field [1] , which originates from the spin-orbit coupling (SOC) between the current and magnetic moments [2] . Recently, the quantum anomalous Hall (QAH) effect has been proposed in magnetic topological insulators [3] [4] [5] [6] [7] , in which the anomalous Hall conductance is quantized to νe 2 /h (ν is an integer) without the orbital magnetic field and the associated Landau levels [8] . In magnetic topological insulators [3] [4] [5] [6] [7] , the SOC and ferromagnetic (FM) ordering combine to give rise to the topologically nontrivial band structure. Recently, the QAH effect has been experimentally observed in Cr-doped (Bi,Sb) 2 Te 3 around 30 mK [9] . The chiral edge states in the QAH state conducts current without dissipation, and could be used for interconnects of semiconductor devices [10] . For potential device applications, it is important to find stichometric materials for the QAH effect, and to increase the working temperature by increasing the topologically non-trivial band gap as well as the Curie temperature (T c ) of magnetic moments.
Recently, the quantum spin Hall (QSH) effect was theoretically proposed [11] and experimentally observed in the broken-gap type-II InAs/GaSb quantum well (QW) [12, 13] . In this system, topological insulator property arises from the relative band inversion between the two different materials of the quantum well [11] . In this Letter, we show that the basic mechanism of relative band inversion can also be applied to oxide heterojunctions, opening a new material class for the study of topological states. As an illustrative example, we propose to realize the QAH state in a broken-gap type-II (CdO) n (EuO) m QW, in which a large band gap and high T c of FM order can be achieved. Here, "n" and "m" refer to the number of atomic layers of (CdO) and (EuO),respectively. As we know, EuO is an important FM insulator where the ferromagnetism is contributed by transition metal element Eu and its T c is around 69 K. In addition, EuO thin films has similar T c as the bulk one [14] . A high T c is thus expected for (CdO) n (EuO) m QW as well. Also, the band gap of the QW system can be tuned by changing the layer thickness (n, m). All these properties in the (CdO QW are distinct from the previous proposals in magnetically doped topological insulators, such as Mn-doped HgTe [5] and Cr-doped Bi 2 Se 3 -family [7] , where a high T c and a large band gap are hard to achieve simultaneously. Moreover, the high quality epitaxial growth of EuO [15] [16] [17] [18] [19] [20] and CdO [21, 22] have been reported by many groups using various techniques, including pulsed laser deposition (PLD) and metal-organic vapor-phase epitaxy (MOVPE). The (CdO) n (EuO) m QW is a promising system to realize the QAH effect with both a high T c and a tunable band gap.
Both bulk CdO and EuO have a rock-salt structure with F m3m space group (No. 225), where each of the two atoms in the unit cell forms a separate face-centered cubic lattice with the two lattices interpenetrating, as shown in Fig. 1(a) . The lattice constants of CdO and EuO are 4.69Å [21] and 5.14Å, [17] respectively. The lattice mis- match between EuO and CdO can be reduced by Ba doping in CdO (for example, 4.98Åfor Ba 0.15 Cd 0.85 O) [23] .
Because the Ba doping in CdO essentially doesn't change the electronic structure, [24] for simplicity, we neglect the Ba doping effect and focus on pure CdO and EuO The Vienna Ab-initio Simulation Package (VASP) [25, 26] is employed to carry out ab-initio calculations with the framework of the Perdew-Burke-Ernzerhof-type [27] generalized gradient approximation of density functional theory [28] . Projector augmented wave [29] pseudopotentials are used. 16×16×16 and 10×10×6/10×10×2 are used for the k-mesh of bulk and superlattice/QW calculations, respectively. The kinetic energy cutoff is fixed to 450eV. The lattice constant and internal atomic positions are fully relaxed in superlattices with the force cutoff 0.01eV /Å. In order to study the electronic structure of QW structure, we take SrO as the barrier material which has the same lattice constant with that of EuO, so we fixed the lattice constant of EuO and relaxed all the atoms. In QWs, [(CdO) n (EuO) m ] and the nearest SrO layers are relaxed. We add the effective Hubbard U s (14 eV) on Cd's s orbital and U f (7.5 eV) on Eu's f orbitals by employing GGA+U method to fit experiments, which is crucial to obtain the correct band alignment between CdO and EuO in the superlattice and QW structures. Spin-orbit coupling (SOC) effect is included with a non self-consistent calculation.
The insulating state of CdO with a direct band gap (2.2 eV) is predicted by GGA+U calculations, which matches the optical measurement [22] , and the valence bands hold the same feature as those from GGA calculations. GGA+U calculations also predicts an insulating state for EuO with a direct band gap (around 0.8 eV) at X points which is slightly smaller than the experimental value (1.1 eV). [30] .
The (CdO) n (EuO) m superlattices have qualitatively the same electronic structure. We take the (CdO) Fig. 2(a) . The bottom of the conduction bands is contributed by Cd's s orbital, and the top of the valence bands is Eu's |f, ↑ orbital. Due to the s-f exchange interaction, the conduction bands are spin split giving rise to two spin polarized bands |s, ↑ and |s, ↓ . After SOC is included, the |s, ↑ band crosses |f, ↑ and gives rise to a band inversion at Γ which is topologically non-trivial due to the different symmetries of |s, ↑ (even parity) and |f, ↑ (odd parity) [see the inset of Fig. 2(a) ]. The schematic density of states (DOS) without SOC is shown in Fig. 2(c) . One Weyl node, discussed in the following, is seen at (0, 0, k c ) between Γ(0, 0, 0) and Z(0, 0, π) [see Fig. 2(b) ]. It has a linear dispersion, and the out-of-plane spin points to '+z' direction, as shown in Fig 2(b) .
To get a better understanding of the band inversion, we study the evolution of the band sequence at Γ point by starting from the atomic energy levels [see in Fig. 2(d) ± of Eu atoms cross Fermi level without bonding with other levels. At stage II, the exchange interaction is considered. The energy levels |f ± of Eu atoms split into the low energy levels |f ± ↑ and the high energy levels |f ± ↓ due to Hund's rule. With the s-f exchange interaction, the energy levels |s ± split into the high energy levels |s ± ↓ and the low energy levels |s ± ↑ . At stage III, the crystal field is turned on. The energy levels |f ± ↑ (↓) split into different groups. Especially, the energy levels |f If taking k z ∈ {−π ∼ π} as a parameter, we can evaluate Chern number C for the band structure of the k z plane. C = 1 is for the plane of |k z | < k c due to the band inversion of |f − − ↑ and |s + ↑ , and C = 0 is for the plane of |k z | > k c , as shown in Fig. 3(a) and (c). Therefore topologically unavoidable Weyl node has to exist at the phase boundary between C = 1 and C = 0 planes (i.e, at k z = ±k c ). [31] Weyl fermion is described by 2 × 2 Pauli matrices, which is considered as half of Dirac fermion, so there is no way to open an energy gap on Weyl fermion. [32] In our case, there are two Weyl nodes locating at (0, 0, ±k c ) with the in-plane spin textures due to the SOC effect, as shown in Fig. 3(d) and (e). At (0, 0, +k c ), all spins flow into the center for the upper Weyl cone, and all spins flow out of the center for lower Weyl cone. The situation is exactly opposite to the Weyl node at (0, 0, −k c ), which presents the opposite chirality.
Based on the analysis of the band sequence discussed above, a simple 2 × 2 model, with |f − − , ↑ and |s + , ↑ as the basis, can be introduced to describe the spin polarized band inversion: where k ± = k x ± ik y , and
z is the mass term expanded to the second order, with parameters M 0 > 0 and β 1 , β 2 > 0 to ensure the band inversion. Since the two bases have opposite parity, the off-diagonal element has to be odd in k. In addition, the k ± has to appear to conserve the angular moment along the z direction. Therefore, to the leading order, the k ± is the only possible form for the off-diagonal element. Evaluating the eigenvalues
, we get only two gapless solutions at k z = ±k c = ± M 0 /β 2 which are exactly the two Weyl nodes obtained from our ab-initio calculations, as shown in the inset of Fig. 2(a) . Because of the presence of k ± in the off-diagonal elements, it is easy to check that Chern number C equals 1 for the planes with −k c < k z < k c . The band dispersion near the Weyl nodes [see Fig. 3(b) ] is thus linear, with a chiral in-plane spin texture [see Fig. 3(d) ]. The two Weyl nodes have opposite chirality due to the opposite sign of the mass term, and they form a single pair of magnetic monopoles carrying the gauge flux in k space.
Whereas the Weyl semi-metal state can be realized in the superlattice structure, the QAH effect can be realized in the (CdO) n (EuO) m QW structure with appropriate barrier layers. The band structure of the QW is qualitatively the same to that of the k z = 0 plane in the corresponding superlattice. Here we show the numerical results on the (CdO) 4 (EuO) 3 QW. Both Cd's |s + ↑↓ bands cross Eu's |f − − ↑ band to present a halfmetal phase with a single Fermi surface, named phase I, and its band structure is shown in Fig. 4(a) where the single-Fermi-surface range is marked in red. This halfmetal phase is no other than the candidates for Majorana fermion by the proximity with s-wave superconductors [33] . With the increased in-plane lattice constant by 1%, Cd's |s + ↓ band becomes unoccupied and stay above Eu's |f − − ↑ band. In this case, the QAH effect, in which the bulk band gap is around 20meV, is expected to be realized due to the band inversion between Cd's |s + ↑ and Eu's |f − − ↑ bands, named phase II, shown in Fig. 4(b) . If the in-plane lattice constant is enlarged more by 2%, both Cd's |s + ↑↓ bands have no band inversion with Eu's |f − − ↑ band, and the system becomes a trivial insulator, named phase III, shown in Fig. 4(c) . Fig. 4(d) shows the schematic of all the phases. The enlarged in-plane lattice constant can be realized by using BaO or Ba-doped SrO as the substrate in experiments.
We stress that the topological effects discussed in this letter can occur within a large parameter space. Even if the discussed effects may not occur with the parameters exactly the same as our ab-initio calculations, they can still be recovered by changing a few other parameters in experiments. For example, in addition to the in-plane lattice constant, the thickness of the (CdO) n layer is another degree of freedom to tune the band inversion between Cd's s band and Eu's f band. The (CdO) 3 (EuO) 2 QW is shown as another example in our online supplementary materials. [24] When the thickness of the (CdO) n layer is reduced, the size effect tends to reduce this band inversion. Oppositely the band inversion will be enhanced by increasing the thickness. Moreover, a p-n junction could be formulated with n-doped (CdO) n and p-doped (EuO) m , in which a built-in voltage can be induced to assist the band inversion. Also the external electric gating on (CdO) n layer can increase or reduce that builtin voltage. In summary, the CdO/EuO structure is a highly adjustable platform which is promising to search for topological states, including Weyl semimetal and the QAH state, which are more favorable for applications. This work is supported by US Department of Energy, Office of Basic Energy Sciences, Division of Materials Sciences and Engineering, under contract DE-AC02-76SF00515 and by FAME, one of six centers of STARnet, a Semiconductor Research Corporation program sponsored by MARCO and DARPA.
